We describe several applications of the mass production procedure proposed in [1] to stabilize multiple moduli in a dS vacuum, in supergravity models inspired by string theory. The construction involves a small downshift of an initial supersymmetric Minkowski minimum to a supersymmetric AdS minimum, and a consequent small uplift to a dS minimum. Our type IIA examples include dS stabilization in a 7-moduli model with [SL(2, R)] 7 tree level symmetry, and its simplified version, a 3-moduli STU model. In these models, we use uplifting anti-D6 branes. In type IIB models, we present 2-and 3-moduli examples of stable dS vacua in CY three-folds, with an uplifting anti-D3 brane. These include K3 fibration models, a CICY model and a multi-hole Swiss cheese model. We also address the issue whether this procedure is limited to a very small parameter range or if large deviations from the progenitor Minkowski vacuum are possible.
Introduction
In this paper, we continue the investigation of the mechanism of mass production of stable dS vacua in type IIA string theory, originally proposed in [1] , and we generalize it to dS stabilization in type IIB string theory.
The main results of [1] can be summarized as follows. At the level of d = 4, N = 1 supergravity it was established that there is a simple, systematic procedure to construct stable de Sitter minima in theories with many moduli and many different Kähler potentials and superpotentials. The necessary conditions for this are the following: 1. The model requires a progenitor: a supersymmetric Minkowski minimum without flat directions. This happens if ∂ i W = 0 and W = 0 at a finite point (or a series of disconnected points) in the moduli space, W being the superpotential of the model.
2. The progenitor model needs a deformation: a downshift to a supersymmetric AdS minimum, via a parametrically small deformation of W . This can be achieved by adding to W a small constant (or a small function) ∆W .
3. For the next stage of uplifting to a dS minimum, a nilpotent chiral multiplet has to be added to the original model. If the supersymmetry breaking scale after the uplift is parametrically small (we will be more precise about this during our presentation), then the resulting potential inherits the shape of the original potential in the vicinity of the Minkowski minimum, i.e. the final dS state is also a minimum.
Note that, if our only goal was to construct stable dS vacua, we could directly uplift a supersymmetric Minkowski vacuum to a stable dS vacuum. However, if one produces a dS vacuum with an extremely small cosmological constant, such as V dS ∼ 10 −120 , in this way, one would arrive at an almost exactly supersymmetric state, which is very different from the one we observe. The role of the downshift stage is thus to disentangle the strength of the supersymmetry breaking and the smallness of the cosmological constant.
A technically separate but very important issue is the relation of this new d = 4, N = 1 supergravity multi-moduli construction of dS minima to string theory. In particular, the relation of the new construction to d = 10 supergravity including local sources, branes, orientifolds, anti-branes as well as non-perturbative corrections via gaugino condensates and/or instanton corrections needs a better understanding. In general, string theory inspired d = 4, N = 1 supergravity multi-moduli models have to satisfy a number of additional conditions, besides the ones specified above, which are necessary and sufficient for the existence of dS minima in supergravity.
In the present work, our examples of mass production of dS vacua will be based on a choice of Kähler potential K and superpotential W motivated by string theory. Moreover, the introduction of a nilpotent chiral superfield, an ingredient that we add to the standard supergravity description at the third step, will be motivated by the presence of uplifting anti-D3 [2, 3] and anti-D6 branes [4, 5] in type IIB and type IIA models, respectively. In [1] , the general procedure of a mass production of dS vacua in d = 4 supergravity was designed in a way that can be applied both to type IIA as well as to type IIB string theory inspired models, since d = 4, N = 1 supergravity does not differentiate between them. However, examples presented in [1] involved only the choices of K, W and uplifting related to the type IIA case, which explains why the title of [1] had 'type IIA' in it. Here, we will show explicitly that the general results which can be found in section 5 of [1] remain valid also in application to type IIB examples.
If we were interested in stable dS minima in supergravity, without relation to string theory, we could begin with a simple superpotential of the type W (Φ) = (Φ − Φ 0 ) 2 , which produces a potential with a supersymmetric Minkowski minimum at Φ = Φ 0 , where the superpotential and its derivative vanish. More generally, one could consider any superpotential W (Φ i ) depending on n different moduli. Independently of the Kähler potential, the universal conditions for the existence of a supersymmetric Minkowski state
In essence, any superpotential which has a local extremum (a minimum, a maximum, or a saddle point, but not a flat direction) at some point Φ i 0 , namely ∂ i W = 0, will satisfy both conditions (1.1), if one subtracts from W (Φ i ) its value at Φ i 0 . The important remaining issue is then to find string theory motivated superpotentials of this type.
The simplest non-perturbative superpotential
used in the KKLT string theory construction [6] , does not satisfy the required condition ∂ T W = 0 at any finite value of T . Nevertheless, one can successfully construct stable dS vacua in type IIB models using such a superpotential, together with an uplift contribution, from a supersymmetric AdS state [6] . Recently, it was shown that one can use this class of superpotentials to stabilize type IIA theory as well [5] . However, in order to use the three-stage mass production mechanism, which starts from a supersymmetric Minkowski vacuum, one should first generalize this class of superpotentials, along the lines of [7] [8] [9] .
The characteristic feature of non-perturbative superpotentials used in [7] [8] [9] and in [1] , which we will also use in this paper, is that they are of the racetrack type. The general feature of racetrack superpotentials is that they can be used for all directions in the moduli space, based on U-duality, as suggested in [5] . Starting with a superpotential with two such exponents for each modulus,
one can find a progenitor model with a supersymmetric Minkowski minimum with the superpotentials satisfying (1.1), as shown in [1, 7] . If the the remaining conditions 1-3 are satisfied, the existence of a metastable dS minimum is guaranteed.
An advantage of the three-stage mechanism based on racetrack superpotentials is that one can strongly stabilize supersymmetric Minkowski states, making the stabilizing barriers in the moduli potentials extremely high, even in the absence of supersymmetry breaking [7, 9] . In this case, the subsequent small deformations of the potential during the downshift and uplift do not affect the stability of the slightly downshifted and uplifted supersymmetric Minkowski minimum. The corresponding stability criterion is that the gravitino mass related to the downshift and uplift should remain parametrically smaller than the masses of the string theory moduli in the Minkowski vacuum [1, [7] [8] [9] . See section 5 of [1] for a detailed discussion.
It is interesting that the original racetrack superpotentials were studied in the context of moduli stabilization in string theory a decade before the discovery of dark energy, see for example [10] [11] [12] [13] [14] . During that time, the focus was on Minkowski vacua with a vanishing cosmological constant and broken supersymmetry, such that V = 0, DW = 0 and W = 0. We would like to stress here that the authors of [10] [11] [12] [13] [14] made the following key observation: in the context of moduli stabilization in string theory the racetrack superpotentials, in general, are expected to have many exponents. This was explained in [14] as follows.
A semi-realistic compactified string theory model is expected to have four spacetime dimensions, N = 1 supersymmetry and a large gauge symmetry G = a G a , including the SU (3) × SU (2) × U (1) of the Standard Model, as well as additional 'hidden' factors. In particular, the non-perturbative string theory or F-theory description should allow for a large number of such hidden sectors. Each of these sectors might produce an exponential in the superpotential, depending on some moduli related to gauge-group couplings. Specific examples of superpotentials with several gaugino condensates in string theory were studied in [11] [12] [13] , for the product of non-abelian gauge groups like G 1 ⊗ G 2 ⊗ · · · ⊗ G p , in general, and for SU (M ) ⊗ SU (N ) ⊗ · · · ⊗ SU (Q), in particular. For example, the gauge group SU (N ) ⊗ SU (M ) leads to a sum of exponentials, where both pre-exponentials A and B are nonzero, while a = 2π N and b = 2π M .
Note also that the five types of superstring theories: Type I, Type IIA, Type IIB, Heterotic SO (32) and Heterotic E 8 × E 8 are believed to be all linked by non-perturbative dualities, in this way representing a unifying M-theory. See e.g. Fig. 26 in [15] showing the parameter space of M-theory. In the context of the non-perturbative string theory, very large gauge groups are possible, like E 8 × E 8 in the heterotic case. In [14] , in the context of non-perturbative superpotentials, it is found that F-theory compactifications have 251 simple gauge group factors of total non-abelian rank of 302896. Therefore, many gaugino condensates and many exponents for each of the moduli in the superpotential are expected at the non-perturbative level in string theory.
The reason why we would like to stress this key feature of racetrack potentials, namely the fact that they are expected to have many exponents, is that we can easily find stable dS minima starting with the Minkowski progenitor model with at least two exponents for each of the moduli, and it is even easier to find it with many exponents.
In addition to many possible gaugino condensates, the existence of many world-sheet instantons and Euclidean brane instantons suggest significantly more possibilities for the racetrack potentials. Another reason to point out that many exponential contributions to W are possible, is to stress that there are many possible choices of parameters, in these models, allowing stable dS states. This, in turn, gives yet another motivation why we call the construction a 'mass production of dS vacua'.
The original, two-exponents KL scenario [7] was initiated due to cosmological considerations. Indeed, in the simplest versions of the KKLT scenario the height of the barrier stabilizing the dS vacuum is proportional to the square of the gravitino mass. This could lead to vacuum destabilization during the cosmological evolution in the early universe with a large Hubble constant H m 3/2 [7] . A similar problem appears in the large volume stabilization (LVS) models for H m 3/2 3/2 [16] . This problem was addressed in the KL model, where the vacuum can be strongly stabilized even for very small gravitino mass [7] [8] [9] . It is therefore interesting that generalized versions of the KL scenario lead to mass production of stable dS vacua in type IIA theory [1] . This paper is organized as follows: In section 2, we review the original KL model and we present its generalization to the multi-moduli and multi-exponentials cases. In section 3, we present some details on the properties of the mass matrix in our scenario, which will be consequently confirmed in numerical examples. We will further develop this scenario in section 4 of this paper by describing stabilization in a seven-moduli Φ i = {S, T 1 , T 2 , T 3 , U 1 , U 2 , U 3 } model and in its simplified version, a three-moduli Φ i = {S, T, U } model, with an uplifting anti-D6 brane. Then, in section 5, we will show that this mechanism can be applied to the stabilization of moduli in type IIB theory with more complex Kähler potentials. In section 6, we describe models with dS minimum which are valid even for strong deviation from the progenitor models. In section 7, we summarize our results. More technical details can be found in the appendix A.
The KL model and its generalizations
In this section we first review the KL model in its original formulation [7] , together with the addition of a nilpotent chiral multiplet [2] . Then, we provide some generalizations, which can be directly employed in the mass production mechanism.
The basic KL model
The simplest string theory related realization of the general three-stage mechanism described in the introduction is given by a Kähler potential of the type
where X is a nilpotent chiral multiplet, which does not contain scalars [17] , and a racetrack superpotential with two exponents
We have also already introduced the down shift as W 0 → W 0 + ∆W and the uplift via the term W uplift = µ 2 X. To find a supersymmetric Minkowski minimum in this model, with ∆W = 0 and µ 2 = 0, one should find a point Φ 0 = φ 0 + iθ 0 in moduli space such that (we also set X = 0 as long as µ 2 = 0)
Considered together, these conditions imply
and are satisfied, in particular, for θ 0 = 0 and
(2.6)
The supersymmetric vacuum (2.6) exists for any value of a, A, b, B satisfying the conditions a > b and aA > bB (or a < b and aA < bB).
The mass squared of both real and imaginary components of the field Φ at the supersymmetric Minkowski minimum is given by
Adding a small correction ∆W to W 0 makes this minimum a supersymmetric AdS. In particular, in order to preserve supersymmetry, the position of the minimum has to shift at leading order by an amount of 8) and the value of the potential at its minimum is downshifted, from V = 0, to
(2.9)
Eventually, one finds that the uplift of the AdS state with scalar potential (2.9) with small ∆W , to a dS state with a nearly vanishing cosmological constant, V dS ∼ 10 −120 , can be obtained with an uplifting parameter
In particular, the gravitino mass after uplift is given by
(2.11)
A single-field generalization with many exponents
In the spirit of the earlier work in [12, 14] , we consider now a more general multi-exponent racetrack superpotential:
The condition (2.5) for a supersymmetric Minkowski vacuum becomes then
One may solve this equation, together with W (Φ 0 ) = 0, to find the position of the supersymmetric Minkowski minimum Φ = Φ 0 as a function of the parameters. Alternatively, it is possible to find a set of parameters which ensure that a given fixed point Φ 0 corresponds to a supersymmetric Minkowski vacuum state. This second method is often much simpler, and it clearly demonstrates the existence of supersymmetric Minkowski vacua.
Indeed, one can, for example, take arbitrary values for n coefficients a k and for the first n − 1 coefficients A k . The condition (2.13) is then satisfied, if one does not take the n-th coefficient A n to be independent, but rather given by
This fixes all parameters in the sum n k=1
A k e ia k Φ . As the remaining step, one chooses 15) which ensures that W (Φ 0 ) = 0 for ∆W = µ 2 = 0, i.e. before the downshift and uplift. Thus, for any set of 2n free parameters, namely Φ 0 = φ 0 , n coefficients a k and the first n − 1 coefficients A k , one can always find two remaining parameters A n and W 0 such that the theory has a supersymmetric vacuum state at Φ = Φ 0 .
There are also other ways to reach a similar goal. For example, instead of calculating W 0 , one can fix it from the very beginning (e.g. take W 0 = 0), and calculate the value of a n , or A n−1 , required for satisfying the conditions W (Φ 0 ) = ∂ Φ W | Φ=Φ 0 = 0.
A generalization with many moduli and many exponents
The previous model with a multi-exponent racetrack superpotential for one field Φ can be directly generalized to the multi-field case. Indeed, consider the set of models with m moduli Φ i , and assume, as suggested in [12, 14] , that each of them gives many exponential contributions to the superpotential. Concretely, let us suppose that the superpotential is given by
Then, the equation ∂ i W ≡ ∂W ∂Φ i = 0 is satisfied for each modulus Φ i , for any given value of the parameters Φ 0i , a k i , and for the first (n − 1) coefficients A k i , if one takes
To satisfy W (Φ 0i ) = 0, we also need
Thus, for any set of 2mn free parameters (for each i = 1, ..., m one can take various values of Φ i 0 = φ i 0 , n coefficients a k i , and the first n − 1 coefficients A k i ), one can always find m + 1 remaining parameters A n i and W 0 such that the theory has a supersymmetric vacuum state at Φ i = Φ i 0 . Alternatively, instead of calculating W 0 , one can fix it from the very beginning (e.g. take W 0 = 0 or any other desired value), and calculate the value of a n i , or A n−1 i , required for satisfying the conditions W = 0, ∂ i W = 0 at some point Φ 0i .
The general conclusion is that in a theory with any number m of fields Φ i with racetrack potentials containing n exponents, with n ≥ 2 for each of the fields, one can always find a large number of supersymmetric Minkowski vacua depending on 2mn free parameters.
Since the values of the parameters A k i depend on the properties of compactification, one may expect that the total number of different supersymmetric Minkowski vacua can be extremely large.
Each of these vacua can be downshifted to a supersymmetric AdS and uplifted to a stable dS vacuum in many different ways. In particular, in most of the examples to be considered in this paper we will make a downshift by adding a small constant ∆W to the superpotential, but the main results will not be qualitatively affected if instead of that we add any sufficiently small function ∆W (Φ i ).
Properties of the mass matrix at the dS minimum
In this section, we review some general properties of the mass matrix that are important in order to study the stability of vacua configurations. We refer the reader to Sec. 5 of [1] for a more detailed discussion. Then, we focus our analysis to specific examples of dS vacua in type IIA and type IIB theory. We inspect the corresponding mass matrices and we compare their properties.
General properties of the mass matrix at the dS minimum
In the class of models we are going to consider, the moduli space is made up of complex scalar fields {Φ i ,Φī}, living inside chiral and antichiral multiplets respectively. To this set up, we add then a nilpotent chiral multiplet X, which can be conveniently used to describe the uplifting contribution to the scalar potential given by an anti-Dp-brane in string theory. Indeed, thanks to the nilpotent constraint on X, the total scalar potential, including the uplift, can be given by the standard supergravity formula
where the index I runs over all the chiral multiplets Φ I = {Φ i , X} and where we define
At an extremum, ∂ i V = 0, the scalar mass matrix in supergravity takes the following form
In particular, the upper left corner gives the holomorphic-anti-holomorphic part of the second derivative of the potential at the minimum, V i = ∂ i ∂V , the upper right corner has the holomorphic-holomorphic part of the second derivative of the potential at the minimum, V ij = ∂ i ∂ j V , and so on. The exact expressions for each entry as a function of K and W were derived in [18] .
To analyse the vacua in supergravity, we find it convenient to use the notation introduced in [19] and used in [1] . We define the covariantly holomorphic gravitino mass m(Φ,Φ) ≡ e K 2 W , together with its Kähler covariant derivative m i ≡ D i m = ∂ i m+ 1 2 (∂ i K)m = e K 2 D i W . In a supersymmetric Minkowski vacuum, which is one of the cases of interest in our discussion, the explicit expression for the mass matrix can be considerably simplified. At a Minkowski minimum, the conditions W = 0 and D i W = 0 imply respectively m = 0 and m i = 0 and the quantities in (3.3) reduce to
where we define the chiral fermion mass matrix m ij ≡ D i D j m. This, in turn, can be read directly from the fermionic bilinear term in the action,
see for example [20] .
An important consequence of having unbroken supersymmetry in a Minkowski vacuum is that, within each chiral multiplet, there is a mass degeneracy between scalars and pseudoscalars. Indeed, by switching to the real basis, Φ i = φ i + iθ i , it follows from (3.5) that 1 Re
This means that, at the supersymmetric Minkowski minimum, the masses of the scalars φ i are equal to the masses of the pseudoscalars θ i .
Another configuration of interest in the present work is a supersymmetric AdS vacuum. It corresponds to the second step of the procedure outlined in the Introduction and is obtained by shifting W , as explained in the previous section. It is given by m i = 0 but m = 0 and therefore we now have:
(3.9)
The expression for V AdS i is also different from the previous case and can be found in [1] . The fact that (3.9) is now non-vanishing, due to a non-vanishing W in the vacuum, results in a difference between the masses of scalars φ i and masses of the pseudoscalars θ i 1 4
(3.10)
The third configuration we look at is a dS minimum, obtained by uplifting the supersymmetric AdS vacuum discussed previously. As discussed at the beginning of this section, at the third step of the procedure we enlarge the set of chiral multiplets Φ i by adding a nilpotent chiral multiplet X. Since generically m I = 0 in a dS vacuum 2 , the mass matrix is now given by
where we defined m ijI ≡ D i D j D I m and we raised the indices with the Kähler metric, namelym I = g IJmJ . Again, the mass degeneracy between scalars and pseudoscalars present in Minkowski is broken and moreover, with respect to the AdS case, there are also additional contributions, due to supersymmetry breaking terms m I = 0,
We now proceed to discuss the stability of the vacua in these three situations, by analysing the positiveness of the associated mass matrix. In the Minkowski case, it can be 1 We recall that, when passing from the complex basis {Φ i ,Φī} to the real basis {φ i , θ i }, the derivatives change as
directly deduced from (3.4) and (3.5) that the vacuum is stable and without flat directions (condition 1 in the Introduction), as long as all the fermions in the theory are massive [1] . The AdS case, in general, is more involved. However, if we assume that the AdS vacuum is constructed by downshifting the previous Minkowski one, and if the perturbation ∆W of the superpotential is parametrically small (condition 2 in the Introduction), then the AdS configuration is again stable and there are no flat directions [1] .
By uplifting the AdS vacuum to a dS vacuum with a parametrically small breaking of supersymmetry, namely |m I | 2 ≈ 0, (condition 3 in the Introduction), one finds that, up to parametrically small terms, the upper left part of the mass matrix is positive definite, being the square of the fermion mass matrix, which has no flat directions by assumption,
See also the appendix A for more details. Similarly, the holomorphic-holomorphic part of the second derivative of the potential, namely the right upper corner of (3.3), is approximately zero, if the conditions 1-3 in the Introduction are satisfied:
In other words, the mass degeneracy between scalars and pseudoscalars, if present at the beginning, is then approximately preserved through the entire three-steps procedure.
Before concluding, one comment is in order. It was explained in [1] that the uplifting stage preserves the stability of the AdS minimum, such that the dS minimum remains stable, under the condition that the total supersymmetry breaking and the mass of the gravitino are small
Here the masses of the physical fermions m 2 χ are approximately of the same order of those of the scalars. During the uplift from a supersymmetric AdS vacuum, the quantity D i W = 0 can change only due to the shift of the position of the minimum. As shown in [1] , this shift is parametrically small and, as a consequence, one finds the hierarchy |m X | 2 |m 2 i |. We stress that this hierarchy is predicted by the procedure and not assumed a priori.
To summarize, since the moduli space metric g IJ in (3.13) is positive definite, under the conditions 1-3 of the introduction the dS mass matrix can be (symbolically) expressed as
where m f is the fermionic mass matrix. The stability of the dS vacuum is thus manifest.
We conclude the discussion by stressing that this outcome, namely the existence of stable dS minima, is valid for a large class of superpotentials and with no restrictions on the Kähler potential. The only restriction on the superpotential is shown in (1.1): the progenitor model must have a local extremum of the superpotential, without flat directions. The rest follows, if the conditions 1-3 of the Introduction are satisfied.
Special choices in type IIA
The discussion so far was valid for a generic Kähler potential and under mild assumptions on the superpotential. By imposing additional restrictions on K and W , we can derive more specific properties for the mass matrix in (3.16) . Therefore, we devote this subsection to the study of models with type IIA motivated Kähler potential and superpotential, while in the next subsection we will focus on type IIB.
A large class of type IIA inspired models was studied in [1] . They have a superpotential with two exponents for each modulus Φ i and a Kähler potential of the form
In [1] , section 3.1, it was shown that for this class of models the Minkowski mass matrix in the basis of real fields
(3.18)
In particular, along each direction in moduli space, we observe the mass degeneracy between scalars and pseudoscalars, as explained above
For example, in the case with seven moduli 
(3.20)
When perturbing the Minkowski solution with a parametrically small ∆W , in order to find a supersymmetric AdS vacuum, the mass matrix in the real basis remains block diagonal, at least for the class of models given by (3.17) . Therefore, we have
We notice the possible appearance of non-diagonal terms in ∆ φ i φ j and ∆ θ i θ j which, however, are parametrically smaller than the terms on the diagonal i = j.
Finally, when uplifting this supersymmetric AdS vacuum to dS, we introduce additional terms in the potential of the form
In particular, these terms do not depend on φ i and therefore cannot generate off-diagonal blocks in the mass matrix. Eventually, the mass matrix takes the form
The new all diagonal and non-diagonal terms in in∆ φ i φ j and∆ θ i θ j are parametrically smaller than the terms on the diagonal i = j. Therefore, the mass eigenvalues in the dS vacuum are approximately equal to the original Minkowski masses of the progenitor model and the masses of the scalars and pseudoscalars are approximately equal to each other.
Special choices in type IIB
The type IIB models we are going to consider will have the same form of the superpotential as in the IIA case, but they differ generically in the Kähler potential. Indeed, in CY examples, the Kähler potentials are more complicated: they are still functions of −i(Φ i −Φī), but not simple products of functions as in the type IIA case (3.17) . When discussing type IIB models in general, we will therefore denote K and W as
These complications immediately lead to some changes in the Minkowski mass matrix. In particular, one finds that for these models the matrix is block diagonal, but not diagonal
For example, in the 3-moduli case we have a matrix where all entries can be non-zero:
In other words, the fact that in the models (3.17) the mass matrix in the Minkowski minimum is diagonal, is a nice feature of our examples in the type IIA case. Meanwhile, in type IIB we will find much more complicated mass matrices, already at the Minkowski level. The mass matrices in dS will still be of the form shown in (3.23), however, the matrices V dS φ i φ j ≈ V dS θ i θ j inside (3.23) will be highly non-diagonal, as shown in (3.26).
To summarize, after the downshift and uplift, the relation (3.13) is still valid and therefore we are constructing models with a stable dS minimum.
Type IIA examples
We present now, in detail, several examples of string theory inspired models in which we apply the mass production procedure. We devote the present section to the type IIA case and the next one to type IIB.
First, we discuss a seven-moduli model, in which the kinetic term has a [SL(2, R)] 7 symmetry that is broken only by non-perturbative corrections. One can understand this model from a more fundamental perspective, either from M-theory/string theory or from maximal supergravity in d = 4. However, given the fact that the moduli space has real dimension 14, the numerical analysis and the resulting plots are generically complicated. Therefore, for this specific model, we will only present a short summary of our results. Instead, a simplified version of such a seven-moduli model with just three moduli, namely where we identify S, T 1 = T 2 , = T 3 ≡ T and U 1 = U 2 = U 3 ≡ U , will be presented in more detail, including the relevant plots of the potentials.
Seven
The interest in a seven-moduli model in M-theory and type IIA string theory and in d = 4, N = 8 supergravity was renewed recently, in the context of the future B-mode detection [21, 22] . Indeed, such a seven-moduli model revisited in these works, was described originally a long time ago, in [23, 24] . There, the effective d = 4 supergravity for the seven main moduli of type IIA D6/O6 orientifolds was derived, starting with d = 10 supergravity compactified on T 6 Z 2 ×Z 2 in the presence of general fluxes. The seven moduli include one axio-dilaton S, three complex-structure T -moduli, {T 1 , T 2 , T 3 } and three Kähler U -moduli, {U 1 , U 2 , U 3 }. For convenience, we collect all of them in
(4.1)
The Kähler potential for this seven-moduli model is associated with a [SL(2, R)] 7 symmetry, where the seven complex moduli are the coordinates of the SL(2,R)
As motivated in the Introduction, the superpotential which we will use in the present work is of the racetrack type, where the constant part f 6 comes from the six-flux, similarly to [5] ,
The origin of these seven complex fields from the d = 10 geometry compactified on T 6 Z 2 ×Z 2 can be found in [23, 24] . In [21] , it is also shown how to get the same model from M-theory/d = 11 supergravity compactified on a particular G 2 manifold, as well as from d = 4 maximal N = 8 supergravity with duality symmetry
The kinetic term for the seven scalars has an [SL(2, R)] 7 symmetry
(4.5)
Note that the non-perturbative terms in the superpotential, namely the exponential terms in (4.3), break this symmetry. The kinetic term for each of the seven scalars corresponds to a unit size Poincaré disk, with squared radius 3α = 1, after a Cayley transform
This is why the seven moduli set up is relevant for observational cosmology and α-attractor models of inflation [21, 22] . Here, however, we are only interested is using this type IIA string theory model for an example of the moduli stabilization, as predicted in [1] .
It is worth mentioning that one of the recent studies of the minima of the [SL(2, R)] 7 model was performed in [25] . The authors there used the same Kähler potential as the one in (4.2), however, they did not include non-perturbative exponents in the superpotential, but only polynomial terms in the moduli, as suggested in [24] . Within this set up, they stabilized all of the moduli at the origin of the moduli space, Φ i =Φ i = 1, and then used a numerical optimization procedure. In particular, the superpotential contains 26 parameters and the authors of [25] were able to find a de Sitter extremum which was fully metastable up to one single flat direction. They also noted that the classical flat direction of their solution could in principle receive corrections from quantum or non-pertubative effects.
As one can see from (4.3), in our example of the [SL(2, R)] 7 model we use only one perturbative term, namely the six-flux f 6 , while the remaining terms in W include two exponents for each modulus, resulting in 1 + 4 × 7 = 29 parameters: A i , a i ,B i , b i . We will choose them to be real. In particular, 21 of these parameters are free, while 8 are obtained by solving 8 equations W = ∂ i W = 0 to guarantee the desired properties in the progenitor model. According to [1] , performing the three-steps procedure with starting point (4.2) and (4.3), leads to stable dS minima. While in some examples analized [5] it occurs that the interplay between non-perturbative terms and fluxes does not seem to give simple solutions, it might be possible that a combination of our approach with the one of [25] , if applied for example to this [SL(2, R)] 7 model, may yield interesting results.
Specific example of the 7-moduli IIA model
In this subsection, we present some details of the analysis we performed on the sevenmoduli [SL(2, R)] 7 model. The progenitor model is defined by the Kähler potential and superpotential given respectively in (4.2) and (4.3). Our choice for the parameters are listed in Table 1 . Table 1 : The choice for the parameters in the seven-moduli model.
In particular, we are taking the values of the U moduli at the minimum to be close to 5, so that the volume of the compact manifold is not small, whereas the values of the S and T moduli are close to the origin of the moduli space. Moreover, the values reported in Table 1 refer to the imaginary parts of the moduli, since we set the real parts (axions) to zero at the minimum. In other words, unless specified otherwise, in our examples the vacua will be at
with S 0 , U 0 and T 0 real parameters. When we impose the 8 equations D i W = 0 and W = 0, which yield a supersymmetric Minkowski vacuum, we solve for the parameters B i and the flux parameter f 6 . This allows us to freely choose the A i , a i and b i , as well as the position of the Minkowski vacuum, given by S 0 , T 0 and U 0 . With this solution, we find that the Minkowski mass matrix has the form predicted in (3.20) .
Before proceeding with the discussion, we would like to remark that the choice of the parameters is not fine-tuned. In fact, a wide range of values is possible. To confirm this, we studied examples with different parameters where the deviation from Minkowski is small. In all of these cases, a de Sitter minimum was produced. Furthermore, in section 6 we discuss the complementary case in which the deviation from the progenitor Minkowski model is not small.
Resuming our analysis, the next step, namely the downshift, is implemented by substituting f 6 → f 6 + ∆f 6 , which gives a supersymmetric AdS minimum at a slightly shifted position, with respect to the Minkowski one. In particular, the masses of the fields change only minutely and the AdS mass matrix takes the form predicted in (3.21) . In order to go to de Sitter we introduce anti-D6-branes, which contribute to the scalar potential via a term of the type:
This can be generated in supergravity by using a nilpotent chiral superfield X and by including appropriate terms in K and W , as explained in [4, 5] . For what concerns the parameters, in our example the downshift is ∆f 6 = −10 −5 (4.9) and the uplift was chosen to be
The mass matrix is diagonal before the downshift and remains block diagonal afterwards, with the diagonal entries changing only slightly.
As an example, we present below the upper left corner of the 7 × 7 mass matrix, V φ i φ j (3.23), in the dS case. It shows the masses of scalars after the dS uplift. The diagonal values are very close to the ones in Minkowski and in AdS minima, with values of order 10 −3 − 10 −5 . All of the off-diagonal terms are many orders smaller, ranging from 10 −9 to 10 −10 .
1.89809 · 10 −5 −6.19837 · 10 −10 −5.36624 · 10 −10 −4.56280 · 10 −10 −1.30375 · 10 −9 −1.52470 · 10 −9 −1.74268 · 10 −9 −6.19837 · 10 −10 1.30911 · 10 −4 −7.38721 · 10 −10 −6.46383 · 10 −10 −1.24516 · 10 −9 −1.44398 · 10 −9 −1.64104 · 10 −9 −5.36624 · 10 −10 −7.38721 · 10 −10 9.41667 · 10 −5 −5.68241 · 10 −10 −1.13520 · 10 −9 −1.31758 · 10 −9 −1.49834 · 10 −9 −4.56280 · 10 −10 −6.46383 · 10 −10 −5.68241 · 10 −10 6.37888 · 10 −5 −1.04022 · 10 −9 −1.20871 · 10 −9 −1.37571 · 10 −9 −1.30475 · 10 −9 −1.24516 · 10 −9 −1.13520 · 10 −9 −1.04022 · 10 −9 9.96472 · 10 −4 −5.36645 · 10 −10 −5.74900 · 10 −10 −1.52470 · 10 −9 −1.44398 · 10 −9 −1.31758 · 10 −9 −1.20871 · 10 −9 −5.36646 · 10 −10 1.37262 · 10 −3 −6.10079 · 10 −10 −1.74268 · 10 −9 −1.64104 · 10 −9 −1.49834 · 10 −9 −1.37571 · 10 −9 −5.74900 · 10 −10 −6.10079 · 10 −10 1.80465
The values of this matrix match exactly with what has been predicted from the mass production procedure. The mass production mechanism explains in this example why all eigenvalues of the mass matrix are positive in dS, as in the progenitor Minkowski stage: the off-diagonal entries, which where absent at the Minkowski and appeared in AdS and dS stages, and which we named ∆ φ i φ j +∆ φ i φ j in (3.23), are too small to affect the positivity of the original eigenvalues.
In table 2, we present the eigenvalues of Minkowski and dS mass squares (second derivatives of the potential), both for the scalars and the pseudoscalars. As one can see, the difference between Minkowski masses and dS masses is very small. In addition, in the Minkowski case, as predicted, all scalar masses coincide with the pseudoscalar ones. However, in dS, already at the order of the digits we kept in the table, some of the scalar and pseudoscalar masses are slightly different, as expected.
At this point, we decided not to present the plots of the potential that we produced for this seven-moduli example (mainly for convenience, since there are many of them). Instead, we will show them in the next subsection, for a simpler version of the model. As we mentioned before, this is an STU model constructed by identifying 9.41773 · 10 −5 9.41667 · 10 −5 m 2 10 9.41773 · 10 −5 9.41660 · 10 −5 m 2 11 6.37973 · 10 −5 6.37888 · 10 −5 m 2 12 6.37973 · 10 −5 6.37883 · 10 −5 m 2 13 1.89843 · 10 −5 1.89809 · 10 −5 m 2 14 1.89843 · 10 −5 1.89806 · 10 −5 Table 2 : The eigenvalues of the mass matrix for the seven-moduli type example. The mass shift is small, but noticeable, when going from Minkowski to dS. One can also notice, as predicted by the mass production procedure, that in dS the masses of scalars and pseudoscalars are not exactly equal anymore, as was the case in Minkowski.
The STU model
As a more detailed test for the mass production procedure, we employ a simple STU model that has also been used in [5] to illustrate the D6-brane uplift and in [1] to test some aspects of the mass production mechanism. In particular, we extend here the analysis of [1] .
The Kähler potential and superpotential of this model are
Again, f 6 is a tree-level constant contribution to the superpotential from six-form flux, while the terms with exponents are non-perturbative corrections. The contributions in S and T directions can arise, for example, from either gaugino condensation of stacks of D6-branes or from euclidean D2-branes [26] . One possible motivation for the contribution in the U direction, which is discussed in [5] , comes from string theory U-duality. In short, string theory explicitly only exhibits S-and T -duality but in M-theory this is expected to combine with U -duality, mixing all three types of moduli into each other. Another motivation comes from instantons. In fact, it was shown in [27, 28] that there are string theory world sheet instantons in N = 1 orientifold compactifications of type IIA string theory that can give rise to such terms.
We recall, once more, that the first step in the mass production procedure is to find a stable supersymmetric Minkowski vacuum, where all masses are non-negative. In the specific model we are considering, the solution will be given in terms of the three parameters B Φ , with Φ = (S, T, U ) and of the flux parameter f 6 . Moreover, we choose to set the axions contained in (Φ +Φ) to zero. This assumption is justified as long as all masses are positive. We have already shown the general solution for these equations for a KL-type superpotential in section 2.
In the second step we introduce a shift in the superpotential which will change the value of the scalar potential from zero to a negative value, meaning that we go from a Minkowski solution to AdS. Since this shift is parametrically small by construction, the masses will stay positive as outlined in [1] and as explained in the previous sections. Explicitly, the shift is given by
Note that, for small ∆f 6, the sign of the shift can slightly change the result but not the general behaviour. Indeed, both a positive or negative value for ∆f 6 will lead to AdS. Besides the change in the value of V , we also expect the position of the minimum to slightly shift in moduli space, as given by (2.8) . The shift is illustrated in figure 1 , for one of the three moduli. 2.× 10 -9
4.× 10 -9
6.× 10 -9
8.× 10 -9
1.× 10 -8 10 5 V Figure 1 : The S-direction for one choice of parameters, before and after the downshift. From the graphic on the left, it is evident that the general behaviour of the potential does not change significantly. The zoomed in region on the right shows that the vacuum energy at the minimum becomes negative and that the point of the minimum shifts by a small amount.
Finally, as a third step, we use an anti-D6-brane uplift [5] in order to go from AdS to dS. The inclusion of anti-branes introduces a term of the form
in the scalar potential, which will lift the value of the vacuum energy above zero. Again, this will also shift the position of the minimum slightly [1] . The result is shown in figure 2 . Note that we have chosen the value of the potential after the uplift for illustration purposes. Likewise, by appropriate choice of the parameters µ i (i = 1, 2) it is possible to match the observed cosmological constant. 2.× 10 -9
1.× 10 -8 10 5 V Figure 2 : The S-direction for one choice of parameters, both for AdS and dS. Again, the overall shape of the potential does not change visibly. In the zoomed region on the right, the AdS minimum before the uplift is clearly visible and the constant contribution from the anti-D6-brane lifts the potential to dS. The uplifting contribution appears constant due to the smallness of the parameters µi and the plot range. The overall shape of the contribution follows from equation (4.13). we see the situation in AdS. The visible hole is where the potential is below zero. On the right, we have presented the dS potential within the same plot range. We see that the potential is now positive everywhere.
Since the masses remain positive during all of the steps of this procedure, we expect that the minima are stable. In general, however, by checking only 2D-plots, one might miss a possible diagonal runaway direction. For this reason, it is instructive to also look at 3D-plots, in order to make sure that there are no inconsistencies. These are shown, for the directions Im(S) and Im(T ), in figures 3 and 4.
An important feature of the mass production procedure is that, if the masses are block diagonal in Minkowski, they remain block diagonal during all of the subsequent steps. In this example, it is indeed easy to see that the change in the masses is small, when the downshift is small. To illustrate the point, we can look at the mass matrix after the downshift to AdS, which is
3.662 · 10 −5 −1.979 · 10 −9 −2.955 · 10 −10 0 0 0 −1.979 · 10 −9 9.916 · 10 −5 −8.562 · 10 −10 0 0 0 −2.956 · 10 −10 −8.562 · 10 −10 9.146 · 10 −7 0 0 0 0 0 0 3.662 · 10 −5 −1.979 · 10 −9 −2.955 · 10 −10 0 0 0 −1.979 · 10 −9 9.916 · 10 −5 −8.562 · 10 −10 0 0 0 −2.956 · 10 −10 −8.562 · 10 −10 9.146 · 10 −7
The diagonal entries are the same as in the Minkowski vacuum, up to the third relevant digit, while the off-diagonal entries are around 3-4 orders of magnitude smaller. Likewise, the numbers do not change much after the uplift to dS. This is expected from (3.21) . A comparison of the eigenvalues of the mass matrix for Minkowski and dS minima is given in table 3.
Mink dS m 2 1 9.91957 · 10 −5 9.91570 · 10 −5 m 2 2 9.91957 · 10 −5 9.91551 · 10 −5 m 2 3 3.66313 · 10 −5 3.66189 · 10 −5 m 2 4 3.66313 · 10 −5 3.66183 · 10 −5 m 2 5 9.15565 · 10 −7 9.14587 · 10 −7 m 2 6 9.15565 · 10 −7 9.14550 · 10 −7 For what concerns the free parameters in the model, the above plots and masses were achieved with the set of parameters reported in table 4. and, subsequently, the uplift as
for illustrative purposes.
As explained previously, no particular care is necessary when choosing these values. This suggests that the examples are rather robust and they possess a considerably large parameter space, which can potentially accommodate string theory restrictions as well. The only conscious choice that was made is U 0 = 5 in order to have a large volume for the compact manifold. In some type IIA examples, in section 6, we will consider other values of the parameters, including larger values of the volume modulus.
Type IIB models
In this section we present examples of string theory inspired models in the type IIB case. In particular, the Kähler potentials associated with Calabi-Yau three-folds that we will discuss, have been already used before, in [29] [30] [31] [32] [33] , for cosmological applications. However, in these works, stabilization of the volumes of the four-cycles was performed either using the LVS, or some versions of KKLT stabilization. Instead, as motivated in the Introduction, the choice of the superpotential in the present work will be different from the examples in [29] [30] [31] [32] [33] , since we will be using a double set of exponentials for each modulus.
Before entering the details of the analysis, we would like to recall some basic facts of flux compactification in IIB string theory. Type IIB string theory flux compactifications on Calabi-Yau three-folds, when dimensionally reduced to d = 4, N = 1 supergravity are described by a Kähler potential and a superpotential of the form [34] 
Here, Ω is a function of the CS moduli, τ is the axion-dilaton and G 3 is the complex three-form flux. The six-dimensional volume is defined as a cubic polynomial
where d ijk are CY intersection numbers and t i 's are the volumes of the two-cycles. One can switch to a complexified Kähler moduli space, using holomorphic coordinates
where the τ i = ∂V 6 ∂t i (5.5) are the volumes of the four-cycles, which are quadratic in the volumes of the two-cycles. This allows us to rewrite the six-dimensional volume as a function of the four-cycle volumes τ i . As a result of the procedure of replacing the regular expression that is cubic in two-cycles, V 6 = 1 3! d ijk t i t j t k , via a function of the four-cycle volumes τ i satisfying (5.5), one typically finds somewhat complicated expressions for the Kähler potential as a functional of the volumes of the four-cycles
For this reason, as explained in subsection 3.3, the analysis of the stability of the vacuum configuration will be generally more complicated in our type IIB examples than the one we performed in the type IIA case. In particular, we will study only stabilization of the Kähler moduli T i . The complex structure moduli in Ω and the axion-dilaton τ in (5.1), (5.2) are fixed at an earlier stage by fluxes, as it is usually the case in type IIB.
The Kähler potential for the Kähler moduli will depend on the four-cycle volumes Re T i = τ i and, additionally, on the nilpotent chiral multiplet X. In particular, the uplift in these IIB models will be realized with anti-D3-branes 3 . We recall that two different possibilities can occur [35] : one where stabilization is in the bulk, the other when it is within a warped throat. In d = 4 language, one can associate to these different regimes the following Kähler potentials:
We will stabilize the Kähler moduli as suggested in the mass production method. Namely, we will use the KL type double exponents and follow the three-steps procedure to get dS minima. We recall once more the form of the superpotential in a three-moduli problem, namely
which encompasses all of the examples we will analyze in the following. Given the Kähler potential K and the superpotential W , one can use the standard rules of N = 1 supergravity to calculate the scalar potential, including also the contribution of the anti-D3-branes. When moduli stabilization occurs in the bulk, the uplift potential is
where V 6 is the volume of the compactification. Alternatively, we can place the anti-D3brane at the bottom of a warped throat, where the uplifting term will scale differently with the volume [35] , giving
Before proceeding with the examples, we would like to comment briefly on the difference between the notation used in [29] [30] [31] [32] [33] and the one we adopt in the present work. Indeed, notice that in (5.4) the fields appearing explicitly in the six-dimensional volume are the real parts of the chiral multiplets, τ i = Re T i . This is in agreement with the notation used in [29] [30] [31] [32] [33] . On the other hand, in the previous sections, we used a slightly different notation, in which the volume V 6 potential is a function of the imaginary parts of the chiral multiplets, V 6 = V 6 (ImT i ). However, it is easy to show that the difference is merely due to conventions and does not change the physical results. First, we recall that V 6 , appearing in (5.1), in type IIB models is a homogeneous function of degree 3/2 in the τ i . As a consequence, a constant rescaling of the T i by a multiplicative factor −2i,
will give log V 6 (τ i ) → log(2 3 2 V 6 (τ i )). (5.13) Then, the total Kähler potential (5.1) changes only by a constant factor
This difference is not physical, since it can be absorbed in a Kähler transformation, by rescaling also the superpotential as W → W e −C , with C = 1 2 log 8. Alternatively, one can think of such an additional constant term in the Kähler potential as being originated from − log i´Ω ∧Ω − log (−i(τ −τ )) in (5.1), due to a different stabilization of the CS moduli and the axion-dilaton. Therefore, without loss of generality, in the following we will set
K3-fibration with two parameters
The first type IIB model we look at is a K3 fibration of CP 4 [1, 1, 2, 2, 6] , discussed in [29] . As shown in [29] , it occurs that there is no moduli stabilization in this model in the context of a large volume scenario (LVS) [36] . The volume is given in equation (3.14) of [29] , in terms of the volumes of 4-cycles. In particular, it is a function of τ 1 and τ 2 only
which, in our conventions (5.15), becomes
The parameters we used in the analysis are given in table 5 . For what concerns the masses and the plots, we will only give the results for the case in which the anti-D3 brane is placed in the bulk. Indeed, at least for the choice of parameters we made, the difference between the uplift with an anti-D3-brane in the bulk or at the bottom of a throat cannot be really appreciated. Due to the simplicity of the model, we display also both 2D and 3D plots in figures 5 and 6 respectively. Figure 5 : All 2D plots for the K3 fibration of CP 4 [1, 1, 2, 2, 6] . Notice that the Im(T )-direction is considerably flatter than the Im(S)-direction. Figure 6 : A complete set of 3D plots of the scalar potential for the K3 fibration of CP 4 [1, 1, 2, 2, 6] . On the top we show the overall shape of the potential, and below a close-up of the minimum in AdS and dS case.
The eigenvalues of the masses in Minkowski and dS are given in table 6. Since the model has only two moduli, we give also the complete mass matrices for Minkowski and dS. Table 6 : Eigenvalues of the mass matrices in Minkowski and dS. In this model and for this choice of the parameters, the mass splitting between the fields and their axionic partners is clearly visible, after moving away from Minkowski space.
K3-fibration with three parameters
This model is a generalization of the previous one, with the inclusion of a blow-up mode τ 3 . The six-dimensional volume is given in equation (3.28) of [29] V 6 (τ i ) = α √ τ 1 (τ 2 − βτ 1 ) − γτ The parameters we use in the analysis are given in table 7 . In figure 7 we show a 3D slice of the scalar potential. We give the eigenvalues of the mass matrix in table 8. Table 8 : Masses in three-parameters K3 fibration. The mass splitting between the real scalar and the pseudoscalar is very small and does not appear within the digits we are showing explicitly. The dS case represents the anti-D3 brane in the bulk.
K3 fibered CY model used for fibre inflation
An interesting subcase of the previous model is obtained by taking β = 0 in (5.22) . This results in 25) or 26) in our own notation. In particular, Im(S) corresponds to the volume of the K3-fibre, Im(T ) controls the overall volume and Im(U ) is related to the blow-up mode. Again, λ and α are positive constants. This explicit example of type IIB Kähler potential was used for fibre inflation [30] [31] [32] . Fibre inflation is based on the LVS scenario [36] , which can be used to produce a potential with a flat plateau, suitable for inflation. While constructing a model for inflation is not the goal of this work, it is still interesting to study such a setup in the context of mass production of dS vacua.
For our analysis, we take the parameters reported in table 9 . Table 9 : One possible set of parameters for the fibre inflation model.
As predicted in (3.25) and (3.26), the mass matrices have a block diagonal form. We recall that, in contrast to our type IIA examples, the Minkowski masses are no longer diagonal, due to the more intricate form of the Kähler potential given by V 6 in (5.26). The downshift we used in this case was ∆W 0 = −10 −5 (5.27) while the value for the uplift parameter was chosen, again for illustrative purposes, to be In order to illustrate this model better, in figures 8 and 9 we include 2D plots for all directions as well as 3D plots for the Im(T ) and Im(U ) slice. For the set of parameters in table 9, we get the following entries for the upper left corner of the mass matrix in the Minkowski vacuum as given in (3.26 ) and in dS situation as given in (3.23) : 
A complete intersection Calabi-Yau (CICY) model
Another interesting example is associated with a Complete Intersection Calabi-Yau (CICY) manifold, presented in [33] . There, the authors consider a Calabi-Yau three-fold with h 1,1 = h 1,2 = 19 and focus on a three moduli part of it, arguing that, under certain conditions, the 16 remaining moduli can be ignored. Here, we will simply use the three moduli part of their Kähler potential and show how the stabilization of moduli in the dS minimum can be realized. The overall volume is given by
and in our choice of basis we have
(5.32) Following our procedure and using the solution for the KL-model that we described above, we arrive at a meta-stable dS vacuum in exactly the same manner as in our previous examples.
The parameters we chose are listed in table 11. We illustrate the model in figure 10 , where we plot the situation for the uplift in the bulk for AdS and dS. Both the downshift as well as the uplift are visible and one can see how the minimum of the potential moves away slightly from the chosen original values we give in table 11. In figure 11 , we present a 3D slice of the potential in the dS case. 
Multi-hole Swiss cheese model
One more model, given in equation (3.8) in [29] , is called a multi-hole swiss cheese model. It is based on the Fano three-fold F 11 which is explained in detail in [37] . This three-fold is topologically equivalent to a Calabi-Yau three-fold with h 1,1 = 3 and h 2,1 = 111. The volume V 6 is given as 5.37) and in our parametrisation, it reads
The set of parameters that we chose is listed in table 13. The masses for the Fano three-fold model. The shift from Minkowski to dS is small but visible with this precision. The discrepancy of field-axion pairs is tiny and only appears in the last pair. Figure 12 : 2D plots for the Fano model. Again, the overall behaviour does not change much during the process and indeed the lines for AdS and dS are indistinguishable, on the left. On the right, a zoomed region is present in which not only the shift of the minima is visible, but also the constant contribution of the anti-D3-brane. 
Stable dS states obtained by a large downshift and uplift
In this work, we have made the general prediction, confirmed by all of the examples studied thus far, that sufficiently small deformations (such as downshift and uplift) of the original supersymmetric Minkowski vacuum, without flat directions, preserve its stability and they do result in a stable dS vacuum. An approximate criterion of the range of deformations which lead to a stable dS vacuum is that the gravitino mass in the uplifted vacuum should be much smaller than the mass of the lightest moduli field in the original Minkowski vacuum. More precisely formulated conditions can be deduced from section 5 of [1] and from Appendix A of this paper.
Interestingly, in our investigation of some particular models, we encountered certain situations where the dS vacua obtained by downshift and uplift remain stable even after very large deviations from the original supersymmetric Minkowski state. As instructive examples, we will consider here the simplest single field KL model described in section 2.1, as well as a particular version of the STU model.
KL model with large downshift and uplift
According to (2.9), a small addition ∆W to the superpotential of the KL model with a supersymmetric Minkowski vacuum leads to the formation of an AdS vacuum with negative vacuum energy proportional to (∆W ) 2 . In other words, for small ∆W the magnitude of the downshift does not depend on the sign of ∆W .
However, if one wants to investigate actual limits of dS stability with respect to very large downshift controlled by ∆W , and very large uplift controlled by µ, one can no longer consider ∆W small, and the sign of ∆W becomes important. As we will see, the downshift with ∆W > 0 and subsequent uplift can still give strongly stabilized dS vacua. In this section, we will investigate this issue in the simplest KL model, with Φ = T and the parameters used in [9] , translated to our notations. In particular, the Kähler potential is
where X is a nilpotent chiral multiplet, which should be set to zero after the calculations, and the superpotential is The left panel of Fig. 15 shows the potential after a very large downshift, with ∆W = 7, and uplift with µ = 1.40199. It has a stable dS minimum, with a tiny positive vacuum energy and a gravitino mass m 3/2 = 1. It is remarkable that, by increasing ∆W from ∆W = 0 to ∆W = 7, and compensating it by the corresponding increase of µ, one can continuously interpolate between the supersymmetric Minkowski vacuum with m 3/2 = 0 and a stable dS state with strongly broken supersymmetry and with a Planckian value of the gravitino mass, m 3/2 = 1.
The height of the barrier stabilizing the dS minimum at ∆W = 7, µ = 1.40199 shown in Fig. 15 is three orders of magnitude higher than in the original model with ∆W = 0, µ = 0, shown in Fig. 14. The mass of the field Im(T ) in this minimum is 0.27, which is approximately 20 times greater than in the original Minkowski vacuum. Thus, instead of destabilizing the dS state, an increase of ∆W and µ increases the level of its stability. One can raise the vacuum energy at the dS minimum by further increasing the value of µ. This is illustrated by the right panel of figure 15 , which shows the same potential with ∆W = 7, but with µ = 1.42, which results in the uplift of the dS state to the level of V dS ∼ 3.5 × 10 −3 . The minima of these potentials are stable with respect to fluctuations of Im (T ) and Re (T ), as shown in figure 16 . Thus, we see that, with a proper choice of parameters of the KL model, one can obtain stable dS vacua in type IIB string theory with any desirable degree of supersymmetry breaking and any height of the dS minimum. As we will show later, similar results are valid in other models, including the STU model in type IIA string theory.
For completeness, we should mention also that, in addition to the dS vacua produced by the downshift and uplift of a Minkowski vacuum, a large increase of ∆W and µ may produce many other dS vacua, some of which appear at Re (T ) = 0. For example, in the model considered above, at ∆W = 0 and µ = 0.61243 one has a deep dS minimum with a tiny V dS at Im (T ) = 20.7, Re (T ) = 100n, where n is any integer. Meanwhile, at ∆W = 0 and µ = 0.6202, one has a deep dS minimum at Im (T ) = 20.6, Re (T ) = 50 + 100n.
Increasing ∆W produces other stable dS minima. For example, at ∆W = 7, µ = 1.64369, one has a stable dS minimum at Im (T ) = 2.95, Re (T ) = 38.817. At ∆W = 7, µ = 1.93426, the potential has a stable dS minimum at Im (T ) = 4.905, Re (T ) = 20.848. Some of these additional dS minima may be interpreted as a result of uplifting of pre-existing AdS vacua, whereas some of them do not have any AdS progenitors at all. An investigation of such dS vacua could be a subject of a separate future work.
Other examples related to the KL construction, and general comments
Before turning to the discussion of the STU model with large downshift and uplift, we would like to make some general comments, which apply to many models studied in this paper, but can be especially easily illustrated using the basic KL model as an instructive example.
The models that we study here are formulated in string theory inspired supergravity models. String theory may bring certain additional requirements on such models and their interpretation. For example, one can increase the downshift only for as long as this does not conflict with a large volume requirement from string theory. One may wonder whether this requirement can be satisfied in the model discussed above, where we started with Im (T ) ≈ 5, and then gradually shifted towards Im (T ) ≈ 2, while increasing ∆W and µ. Yet another question is whether the results can be sensitive to the interpretation of the uplift. For example, as we discussed in section 5, in the context of type IIB models, the Kähler potential (6.1) would correspond to placing the anti-D3 brane in the bulk.
To address some of these issues, we will briefly discuss here the results of the investigation of the KL model with a much greater value of Im (T ) and with the Kähler potential corresponding to the anti-D3 brane in the throat:
As an example, we will consider the superpotential (2.2), (2.3) with the parameters A = 1, B = 2, a = π/50, b = π/40. For W 0 ≈ −0.00512, ∆W = 0, µ = 0, this theory has a supersymmetric Minkowski minimum of the potential at Im (T ) ≈ 58. The height of the barrier stabilizing this minimum is about 3 × 10 −11 .
With the downshift by ∆W = 0.1, which is 20 times greater than W 0 , and the uplift by µ = 0.127, the dS minimum with a tiny cosmological constant shifts to Im (T ) ≈ 36, and the height of the stabilizing barrier becomes 2 × 10 −8 , i.e. 3 orders of magnitude higher than the original one.
After the downshift by ∆W = 1, which is 200 times greater than W 0 , and after the uplift by µ = 0.44, the dS minimum shifts to Im (T ) ≈ 9, and the height of the stabilizing barrier becomes 10 −5 , i.e. 6 orders of magnitude higher than the original one.
The conclusion is that the effect of strengthening of stabilization during the significant deviation from the supersymmetric Minkowski minimum occurs with either of the two Kähler potentials (6.1) or (6.3), although we found that in the first case it may be easier to achieve strong dS stabilization. By a proper choice of the parameters, one can make the volume modulus arbitrarily large. One can continuously increase the strength of stabilization by increasing ∆W and µ, while continuously decreasing the values of Im (T ) in the dS minimum.
STU model with large downshift and uplift
In the previous subsection it was shown that the dS minimum in the single field KL model may remain stable not only after small deformations of the theory, but even after an extremely large downshift and uplift, if the downshift is due to the addition of a positive term ∆W . As we will see, the STU models share this property.
As an example, we will consider the STU model (4.11) with parameters shown in Table 15 . With these parameters, the potential has a supersymmetric Minkowski minimum at Im(S) = 1, Im(T ) = 1, and Im(U ) = 5. The masses of the real and imaginary components of the S, T and U fields at the minimum are 0.104, 0.104, 0.036, 0.036, 0.010, 0.010, see also table 16.
Then, we introduced a large downshift term, ∆f 6 = 1. In addition, we introduced the uplifting term (4.13) with µ 1 = µ 2 = 0.000081479, which uplifts the minimum to make it just barely above zero. Note that the absolute value of the parameter ∆f 6 = 1 which we use here is much greater than ∆f 6 = −10 −5 used in the section 4.3, where we discussed the STU model with a small downshift and uplift. Table 16 : Masses in the STU model with the parameters given in (15) .
After the uplift, the mass matrix in the dS vacuum is positive definite, and the masses, corresponding to the square roots of the eigenstates of the canonically normalized mass matrix, are given as 0.363, 0.350, 0.310, 0.300, 0.046, 0.043, see table 16 . All of these masses are significantly greater than the masses in the original supersymmetric Minkowski minimum prior to the downshift and uplift. The gravitino mass in the dS minimum is m 3/2 = 0.02. The barrier stabilizing the dS minimum has height ∼ 2 × 10 −4 .
To illustrate the properties of the potential, we show the plot of the potential after the downshift and uplift with respect to Im(S) and Im(T ) in Fig. 17 . The left panel shows it for ∆f 6 = 1, µ 1 = µ 2 = 0.000081479, the right panel shows it for a slightly greater uplift with µ 1 = µ 2 = 0.00009. This potential looks strikingly similar to the potential of the simplest KL model after a large downshift and uplift shown in figure 16 . Of course, the STU potential is a function of 3 complex variables, and therefore figure 17 shows only a part of the story, but investigation of the potential in other directions, as well as the positivity of the mass matrix which we evaluated, confirms stability of the dS minima shown in figure 17.
Summary and Discussion
In this last section we would like to summarize our main results and relate them to the existing literature.
In sections 1, 2 and 3 we gave a brief review of our approach and described some general predictions, which we confirmed in the main body of the paper. In section 4 we analyzed several type IIA motivated d = 4 supergravity models. We gave examples of the mass production of dS minima [1] in the case of the seven-and three-moduli model of type IIA orientifolds with D6 branes, compactified on T 6 Z 2 ×Z 2 . In particular, the Kähler potential for this seven-moduli model is associated with a [SL(2, R)] 7 symmetry. It takes the form:
Such a model was studied before in [25] , in the presence of perturbatively-induced superpotentials, polynomial in the moduli, of the form W = a (0) + 7 i,j a (1)
There, it was possible to find a metastable de Sitter extremum, but it had a flat direction. This single solution was found with the help of a numerical technique, known as differential evolution.
The seven-moduli model with the same Kähler potential (7.1) was also studied in [5] , but with a non-perturbative KKLT-type superpotential
In addition, the model used uplifting anti-D6 branes, introduced in [4] . The model (7.1), (7.2) was shown in [5] to produce many dS minima, without significant tuning of its parameters. There, this result came as an outcome of the numerical calculations.
In this paper we studied the seven-moduli model with the same Kähler potential (7.1) and with uplifting anti-D6 branes as in [5] , but with a superpotential of the racetrack type [7] , where the constant part f 6 comes from the six-flux, similarly like in [5] . The superpotential has the form:
3)
The case of a two exponent KL type superpotential, where both exponents stem from non perturbative contributions, allows us to find a supersymmetric Minkowski vacuum without flat directions. This, in turn, makes it possible to satisfy the conditions 1-3 specified in the Introduction of this paper. According to [1] , it is now predicted that we will be able to construct a stable dS minimum, granted that the downshift and uplift are parametrically small. Stability translates to all of the 14 mass eigenvalues being positive and, indeed, this is what we find in our numerical investigation, as depicted in table 2.
We also studied the isotropic version of this model, in which the fields were identified as T 1 = T 2 = T 3 ≡ T and U 1 = U 2 = U 3 ≡ U . This is in fact a STU model for which, in addition to masses in table 3, we have also presented various 2D and 3D plots. We also produced plots describing the seven-moduli model, but we do not present them here as they do no contain any substantial novelty with respect to their simpler version in the STU model. Indeed, we believe that the latter represents the situation in the IIA case quite well.
In our investigation of dS vacua in type IIB theory in section 5 we noticed that, in models associated with typical Calabi-Yau compactifications, some features of the mass matrix, and hence the analysis of the stability, become more complicated than in type IIA examples. For example, the mass matrix (3.25) is still block diagonal, but the matrix V φ i φ j in (3.26) has the off diagonal entries which are not small even in the supersymmetric Minkowski vacuum, see for example eq. (5.30). Nevertheless, the prediction made in [1] concerning the existence of dS minima, under the conditions 1-3 specified here in the Introduction, remains valid.
We have studied models with Kähler potentials of the form K = −2 log (V 6 (τ i )) where for the internal volume V 6 (τ i ) we had the following 4 examples in section 5: Details on dS vacua in these models with the corresponding superpotentials and with an uplifting anti-D3 brane, in accordance with the procedure outlined in the conditions 1-3 in the Introduction, are presented in section 5. We have found a complete agreement of our numerical examples with the predictions in [1] and in sections 2 and 3 of this paper.
We would like to stress the following features of all of the examples studied numerically in sections 4 and 5:
1) The properties of the dS vacua are in a complete agreement with the predictions outlined in [1] and in sections 2 and 3 in this paper, including the detailed properties of the mass matrix both in type the IIA and type IIB models.
2) In this work, we have presented just one set of parameters for each example. However, we have in fact performed additional investigations of the models with alternative parameters. In particular, it was easy to change the parameters within the required constraints and get additional dS minima. Thus, while not irrelevant, the choice of the parameters does not require fine-tuning in our constructions.
3) All of our examples are based on two exponents in the superpotential for each of the moduli. Indeed, this is the simplest case where Minkowski progenitor models are available.
However, as explained in section 2.3, one can easily generalize these models to the theories with any number of exponents in the superpotential for each of the moduli.
An important advantage of the models constructed from a supersymmetric Minkowski vacuum by its downshift and uplift is related to the requirement of vacuum stability in the early universe. In these models, the values of the moduli masses, as well as the height of the potential barrier protecting the supersymmetric Minkowski vacuum and the dS minimum, can be made very large and independent on the scale of supersymmetry breaking [1, [7] [8] [9] .
General theorems presented in [8] , in section 5 of [1] and in the Appendix A of this paper, describe the conditions which guarantee the stability of dS states originating from a small downshift and uplift of a supersymmetric Minkowski vacuum. In section 6, we have shown that in some cases even very large downshift and uplift of the supersymmetric Minkowski vacuum do not lead to dS instability, and may in fact significantly strengthen the dS vacuum stabilization.
To conclude, our d = 4 supergravity models, inspired by string theory, represent a new way of constructing models with dS minima where the non-perturbative string theory contributions play an important role. The actual embedding of these models into a full string theory is a subject of a separate investigation. One of the principal observations here is that de Sitter minima are relatively easy to find if the non-perturbative exponents in superpotential are present for all of the moduli. Related ideas based on U-duality of string theory are believed to underline the unification of string theory into M-theory. m IJ ≡ D I D J m etc., as follows:
In order to show that the dS vacuum is stable, it was assumed in [1] that in the progenitor Minkowski model the mass matrix has no flat directions, and that there is a hierarchy This is the result (implicitly) stated in (3.13) .
The prediction of the mass production of dS vacua for a general class of models can be explained by the properties of the matrix elements (A.1) and (A.2). In general, specific models have different values of the three geometric quantities appearing in these formulas, namely the metric g IJ , the curvature R ijIJ and the third derivative of the covariantly holomorphic superpotential m ijI . However, the smallness of mm and |m I | 2 is a property which is expected to cover all of the cases in which these three geometric terms are not extremely large.
On the other hand, in some models it is possible that these three geometric factors are actually small, or some cancellation of negative contributions might take place, such that the requirement that m 2 χ |m I | 2 and m 2 χ mm may be relaxed, while dS minima are preserved.
